Introduction {#S0001}
============

Chronic myeloid leukemia (CML) is a clonal myeloproliferative disorder driven by the chimeric BCR-ABL1 oncoprotein, resulting from a t(9;22)(q34;q11) balanced reciprocal translocation. The rearrangement produces the Philadelphia (Ph) chromosome where the *BCR-ABL1* oncogene is generated; its chimeric transcript is the marker of the disease.[@CIT0001],[@CIT0002] Tyrosine kinase inhibitors (TKIs) therapy targets *BCR‑ABL1* positive cells and induces hematologic and molecular remission in 80--90% of CML patients, with a survival rate comparable to that of age-matched healthy individuals.[@CIT0003]--[@CIT0005] Response to TKI treatment is assessed by hematologic, cytogenetic, and molecular testing performed at specific time-points during follow-up. Detection of the *BCR-ABL1* transcript level by quantitative reverse-transcriptase polymerase chain reaction (RQ-PCR) is the gold standard method for monitoring CML minimal residual disease (MRD) and the optimal CML patient management.[@CIT0006] In fact, standardized and regular MRD monitoring in CML patients is essential for defining the response to treatment and choosing the best therapeutic strategy (as well as providing prognostic information) and also for selecting patients in sustained deep molecular response who are eligible for TKI discontinuation.[@CIT0007] This gains relevance in the era of targeted therapy, where the introduction of MRD monitoring has profoundly transformed patients management.[@CIT0008] Efficient methods for disease monitoring should guarantee fast, inexpensive and sensitive disease detection. In fact, even if in the last two decades the standardization of CML monitoring has remained one of the most laborious procedures, the efficacy of different new approaches has recently been tested. The main strategies developed in the last years, are based on *BCR-ABL1* chimeric gene or transcript or protein detection, although some alternative strategies have been made ([Figure 1](#F0001){ref-type="fig"}). In this review we summarize the recent advances in the CML MRD monitoring, considering the advantages and disadvantages of each approach and focusing on future perspectives.Figure 1Methods for CML MRD monitoring. The strategies are based on the identification of *BCR-ABL1* fusion (**A**) or on the detection of molecular markers independent from *BCR-ABL1* (**B**).**Abbreviations:** bkp, breakpoint; PLA, proximity ligation assay; LSC, ﻿leukemic ﻿stem ﻿cells.

BCR-ABL1-Dependent MRD Monitoring {#S0002}
=================================

RNA-Based Approaches {#S0002-S2001}
--------------------

### RQ-PCR Monitoring and Standardization of the Experimental Procedure {#S0002-S2001-S3001}

CML molecular monitoring by RQ-PCR is based on total RNA extraction from peripheral blood (PB) or bone marrow (BM) cells, reverse-transcription of RNA into cDNA, and quantitative co-amplification of the *BCR-ABL1* transcript and of an internal housekeeping gene. Molecular monitoring in CML should be performed according to the established Europe Against Cancer criteria, defining specific primer/probe systems for both *BCR-ABL1* and *ABL1* genes.[@CIT0009] As many experimental steps and technical details can cause variability and heterogeneity in RQ-PCR analysis, the EUropean Treatment Outcome Study (EUTOS) program in Europe and the LabNet network in Italy, promoted the standardization of RQ-PCR procedures and establishment of the expression of *BCR-ABL1* transcript level as "international scale (IS)".[@CIT0010]--[@CIT0013] The baseline *BCR-ABL1* RNA level (100% IS) was defined as the median *BCR-ABL1* transcript level to reference gene ratio in 30 newly diagnosed CML patients in the IRIS study.[@CIT0014],[@CIT0015] The most commonly used reference genes are *ABL1, GUSB* or *BCR; ABL1* is used by most laboratories worldwide, *GUSB* is used by some European laboratories, whereas *BCR* is employed as reference gene in Australasia and some US laboratories.[@CIT0012],[@CIT0014],[@CIT0016] In the IRIS study, the second *BCR-ABL1* IS level corresponds to a 1000-fold (3-log) reduction in the *BCR-ABL1* transcript level compared to the IRIS baseline, defining a major molecular response (MMR). There are two possible ways of calculating the IS: according to the Conversion Factor (CF) or using the *BCR-ABL1* reference standard method. At the time of the IRIS trial, the Adelaide laboratory served as central reference laboratory, and sample exchange was performed with 38 different international laboratories to attribute the specific CF expressing the *BCR-ABL1* transcript level according to the IS.[@CIT0017] To determine the CF, each set of data generated by a specific laboratory was compared with that obtained by the reference laboratory, using the statistical comparison procedure of Bland and Altman.[@CIT0017] In this method the *BCR-ABL1* IS value is expressed as follows: \[(sum of *BCR-ABL1* copies)/(sum of reference gene copies)\] × CF × 100.[@CIT0013],[@CIT0017] However, this system is time-consuming and laborious due to the need for many samples exchange between different laboratories. The second method for standardization to the IS, that will probably become the main system in the future, is the use of secondary *BCR-ABL1* reference standard samples, now commercially available although they are not yet FDA-approved.[@CIT0018] These reference standards have been calibrated to the World Health Organization (WHO) primary reference standards for *BCR-ABL1* RNA, four reference samples that correspond to the *BCR-ABL1* IS values of 10%, 1%, 0.1%, and 0.01%. Primary standards were obtained in limited quantities by diluting the K562 cell line (*BCR-ABL1*-positive) in the HL60 cell line (*BCR-ABL1*-negative).[@CIT0018] Another reference standard is ERM-AD623, a certified plasmid developed for the standardization of *BCR-ABL1* RQ-PCR[@CIT0019] which contains fragments of e14-a2 *BCR-ABL1* fusion transcripts, *BCR* and *GUSB*. Six different concentrations of linearized plasmid were quantified by digital PCR and tested in several laboratories. The use of ERM-AD623 allows the calibration of internal reference materials to improve the accuracy of the results. According to the European Leukemia Net (ELN) recommendations, RQ-PCR analysis should be performed every 3 months until the achievement of MMR and even after the MMR is confirmed, as a close monitoring is required in view of a possible treatment discontinuation.[@CIT0020] If MMR is lost during follow-up, the occurrence of *ABL1* mutations should be investigated and molecular monitoring should be carried out more frequently.[@CIT0010],[@CIT0021],[@CIT0022] Follow up evaluation can be performed using PB or BM samples, and typically, both *BCR-ABL1* and the reference gene are tested in duplicate.[@CIT0013] The *BCR-ABL1* quantification is considered positive when any of the three replicates are positive, and the final number of *BCR-ABL1* and reference gene copies is the total across replicates sum. When different housekeeping genes are used by different laboratories, the results can be compared using the ERM-AD623 plasmid as a RQ-PCR calibrator.[@CIT0019]

### Molecular Response (MR) Milestones {#S0002-S2001-S3002}

A recent version of ELN recommendations reformulated crucial aspects of CML patients molecular monitoring.[@CIT0020] In the past years, RQ-PCR monitoring and therapeutic improvements have led to the definition of given MR milestones at specific time-points during patient treatment. Based on the achievement of the cytogenetic and/or molecular milestones, the ELN guidelines divide CML patients into three groups: optimal response, warning and failure.[@CIT0010],[@CIT0020] The first crucial time-point is the achievement of a *BCR-ABL1* IS transcript level \< 10% (a reduction by at least 1 log of *BCR-ABL1* transcript levels from the standardized IS baseline) after 3 months of therapy,[@CIT0014] defining Early Molecular Response (EMR). EMR is considered to be a crucial treatment response, predicting the outcome of CML patients receiving either imatinib or second generation TKI, influencing event-free survival (EFS), progression-free survival (PFS), and overall survival (OS).[@CIT0023],[@CIT0024] However, not achieving EMR is considered a "warning" rather than therapy "failure" by recent ELN and European Society of Medical Oncology (ESMO) recommendations.[@CIT0010],[@CIT0025] Recent evidence showed that the kinetics of *BCR-ABL1* transcripts during the first 3 months is much more informative than the achievement of EMR at 3 months. The definition of "BCR-ABL1 halving time" was introduced by Branford et al in 2014, showing that patients with a halving time of less than 76 days had a better outcome, even if they did not achieve EMR at 3 months.[@CIT0026] These data were subsequently confirmed by other studies of CML patients receiving second generation TKI.[@CIT0027],[@CIT0028] However, the study of *BCR-ABL1* transcript kinetics has not yet been incorporated in follow-up recommendations, as the experimental procedure needs to be developed, such as the need for two or more consecutive quantitative analyses within the first three months and the switch to a control gene other than *ABL1*.[@CIT0014] The second crucial molecular milestone is achieved when the *BCR-ABL1* IS transcript level is \< 1% (2 log reduction) after 6 months of therapy. The third molecular milestone is the achievement of MMR, consisting in the reduction of the *BCR-ABL1* transcript level by at least 3 logs (MR^3^) after 12 months. The definition of MMR was introduced during the IRIS (International Randomized Study of Interferon and STI-571) study, that led to imatinib registration as first line treatment.[@CIT0029] The availability of more potent second generation TKI allowed the identification of Deep Molecular Response (DMR), defined as a *BCR-ABL1* IS transcript level of ≤ 0.01%. DMR can be further subdivided into MR^4^, MR^4.5^, or MR^5^ when the logarithmic reduction is 4, 4.5, or 5 logs, yielding *BCR-ABL1* ≤ 0.01%, ≤ 0.0032%, and ≤ 0.001%, respectively.[@CIT0013] The sample is considered good quality when *ABL1* transcript copies are more than 10.000 (corresponding to 24.000 *GUSB* copies) at molecular response MR^4^, but the minimum *ABL1* copies have increased to 32.000 and 100.000 at MR^4.5^, and MR^5^, respectively.[@CIT0013] RQ-PCR monitoring allowed the stratification of CML patients into "optimal responders" that can continue the same TKI, "warning cases" to be considered for a possible TKI switch, and "failed patients" who do not reach molecular milestones at 3, 6, or 12 months and need an immediate change of therapy.[@CIT0010],[@CIT0030],[@CIT0031] The introduction of more potent and efficient second generation TKI in frontline therapy is allowing a more rapid achievement of each milestone, with a sustained deep MR.[@CIT0032],[@CIT0033]

### Molecular Monitoring During TKI Discontinuation {#S0002-S2001-S3003}

Therapeutic success of the last years allowed the achievement for most newly diagnosed CML patients of a normal life expectancy, comparable to that of age matched individuals in the general population.[@CIT0010],[@CIT0020] After survival, another crucial objective in CML clinical management is represented by the achievement of a stable DMR after long term TKI therapy, that is the prerequisite for Treatment Free Remission (TFR). The achievement of a stable DMR after long term TKI therapy is the prerequisite for Treatment Free Remission (TFR) that is the most important objective in CML clinical management. Stop Imatinib (STIM1) and TWISTER were the first two TFR pivotal studies, which enrolled patients with at least 3 years of imatinib therapy and more than 2 years of confirmed undetectable *BCR-ABL1*, with a MR^4.5^ or MR^5^ sensitivity test.[@CIT0034],[@CIT0035] About 50--60% of cases in both studies showed molecular relapse (re-emergence of *BCR-ABL1* transcripts or MMR loss), mostly during the first 6 months after imatinib suspension and nearly all cases regained MR after restarting treatment. Several subsequent TKI suspension studies were performed in CML patients treated with dasatinib or nilotinib for at least 2 years and maintaining durable deep MR. These studies showed TFR without molecular relapse in about 50 to 69% of cases.[@CIT0034],[@CIT0036]-[@CIT0038] As regards recommendations on discontinuation criteria, the National Comprehensive Cancer Network (NCCN) guidelines and other expert reviews suggested the selection of patients with a non-high Sokal score, showing a typical *BCR-ABL1* transcript (b2a2 or b3a2) and a MR^4^ or MR^4.5^ level of molecular response for a minimum of 1--2 years under TKI therapy.[@CIT0011],[@CIT0039],[@CIT0040] More stringent TFR criteria were defined by recent ELN recommendations, requiring typical *BCR-ABL1* transcripts, a minimal TKI therapy duration of 4--5 years, and a DMR (MR^4^ or better) duration of more than 2 years.[@CIT0020] A durable DMR is considered a more important selection criterion than the duration of TKI treatment, ensuring a greater TKI discontinuation success.[@CIT0039] Because of the high frequency of molecular relapse, TFR trials require monthly RQ-PCR monitoring for the first 6 to 12 months, with a possible gradual reduction thereafter.[@CIT0020],[@CIT0034],[@CIT0041],[@CIT0042] However, RQ-PCR might not be the best approach for selecting CML cases to include in TKI discontinuation trials and also for molecular monitoring during TFR, as 50--60% of patients with undetectable DMR are expected to lose MMR.[@CIT0043]--[@CIT0045] Several studies have demonstrated the persistence of leukemic cells in the BM niche of CML patients treated with TKI and with undetectable *BCR*‑*ABL1* transcript levels by RQ-PCR. A recent flow cytometry study showed the presence of circulating CD26+ leukemic stem cells (LSC) in about 30% of CML patients with undetectable *BCR-ABL1* by RQ-PCR.[@CIT0046] Failure to detect the *BCR-ABL1* transcript could be attributed to low RQ-PCR sensitivity or to absent gene transcription in quiescent LSC that reside in a hypoxic niche.[@CIT0047] To address this issue, new more sensitive methodologies have been investigated to identify possible residual LSC and to allow a more accurate selection of CML patients likely to benefit from TFR.

### *BCR-ABL1* Transcript Monitoring by Digital PCR (dPCR) {#S0002-S2001-S3004}

In the last years, dPCR has revolutionized the molecular monitoring of MRD in hematological diseases.[@CIT0048]--[@CIT0052] dPCR is the most accurate and sensitive method for measuring the abundance of specific nucleic acids, providing their absolute quantification and offering a greater precision and reproducibility compared to RQ-PCR.[@CIT0053],[@CIT0054] Recent studies showed that dPCR is more efficient than RQ-PCR for CML MRD monitoring and for a more accurate selection of patients eligible for TFR.[@CIT0055]--[@CIT0059] In dPCR the biological sample analyzed is divided into thousands or millions of separate reactions and amplification is performed with a higher efficiency in many separate microscopic partitions, in wells or droplets (ddPCR).[@CIT0060] Each partition is evaluated as positive or negative, according to the presence or absence of template molecules and the nucleic acids copy number in the starting sample is identified by Poisson statistics.[@CIT0061] In this way, an absolute quantification can be performed with a greater sensitivity and without the need for a standard curve.[@CIT0062] dPCR is considered able to detect a single *BCR-ABL1* positive cell out of 10^7^ and is less subject to inhibitory agents and nonspecific amplification.[@CIT0055],[@CIT0056] Several independent studies demonstrated a greater sensitivity of dPCR as compared to RQ-PCR, demonstrating a significant percentage of CML cases that lost TFR and were found to be *BCR-ABL1* positive by dPCR. Moreover, cases in follow-up showing the loss of DMR by RQ-PCR were identifiable by dPCR within 3 months before.[@CIT0057],[@CIT0059],[@CIT0063],[@CIT0064] Recent studies, such as Life After Stopping Tyrosine Kinase Inhibitors (LAST) and the Imatinib Suspension and Validation (ISAV) are investigating the efficacy of dPCR for the molecular monitoring of patients with undetectable *BCR-ABL1* who have suspended TKI therapy.[@CIT0065],[@CIT0066] Because of several advantages and high sensitivity, dPCR has been used to evaluate the circulating tumor burden in cancer research and for the quantification of circulating tumor DNA in plasma from solid neoplasms.[@CIT0067] Recently, dPCR has been employed for the quantification of the *BCR‑ABL1* transcript in exosomes from PB of CML patients under TKI treatment,[@CIT0068] demonstrating its success as a possible innovative monitoring system based on exosomes analysis. Exosomes are extracellular vesicles (EVs) secreted by living cells exocytosis mediating intracellular and microenvironment communication. They are lipid nanoparticles (50‑100 nm) produced either constitutively or upon induction, and their molecular composition depends on the parent cell origin.[@CIT0069],[@CIT0070] To date, exosomes have been especially employed for the diagnosis of solid tumors on the basis of their internal proteins and nucleic acids, or on the membrane surface expression of cancer-specific antigens. Moreover, exosomes have also been isolated from leukemic cells and can be utilized as prognostic, diagnostic and therapeutic biomarkers in different hematologic neoplasms, such as acute myeloid leukemia, multiple myeloma and chronic lymphocytic leukemia.[@CIT0071]--[@CIT0074] Microvesicles released by the K562 cell line have been reported to contain both *BCR-ABL1* DNA and transcript and are able to induce the CML phenotype in transplanted rats, or can activate BM mesenchymal stem cells promoting leukemic cells proliferation.[@CIT0075],[@CIT0076] Few data are available on the identification and quantification of *BCR-ABL1* in exosomes from CML patients, generally isolated from PB. In the explorative study by Bernardi et al, ten CP-CML patients were analyzed by RQ-PCR and dPCR on both PB cells and on tumor‑enriched exosomes, demonstrating the presence of the *BCR/ABL1* transcript in exosomes derived from CML patients. However these are very preliminary data, therefore the clinical and prognostic significance of *BCR*‑*ABL1* positive exosomes and their use in CML molecular monitoring remains to be investigated.[@CIT0068] However, despite several advantages and applications, dPCR shows some limits as it generally requires a longer experimental time and can be conditioned by errors in pre-analytical phases such as sampling, RNA extraction and cDNA synthesis. Moreover, positive and negative control samples are needed, the quantification of a reference gene is still useful to evaluate the sample quality, and the use of a CF is required for the expression of results according to the IS.[@CIT0077] Therefore, international standardization is needed before dPCR can be adopted as a routine molecular method for CML monitoring.

### The GeneXpert System {#S0002-S2001-S3005}

The GeneXpert system is a cartridge-based RQ-PCR automated method developed by Cepheid (California, USA), that is able to detect *BCR-ABL1* p210 transcripts when directly processing PB samples. The GeneXpert instrument utilizes microfluidics in a cartridge and performs RNA extraction, RT-PCR and *BCR-ABL1* fluorescence detection in one reaction.[@CIT0078] This is a very simple, fast system, requiring a reduced technical expertise. The RQ-PCR is performed within a cartridge not reporting *BCR-ABL1* transcript levels on the IS; therefore a specific CF needs to be developed and used in addition to a cartridge lot-specific calibration, in order to obtain the *BCR-ABL1* estimation on IS.[@CIT0079],[@CIT0080] Recent studies demonstrated a good correlation between the standardized RQ-PCR and the GeneXpert systems for *BCR-ABL1* monitoring,[@CIT0079],[@CIT0081] and a new cutoff of 1.5% at 3 months has been proposed as predictive of both cytogenetic and molecular response at 12 months.[@CIT0082] Secondly, the initial accuracy of the *BCR-ABL1* test on the GeneXpert, fails at very low transcript levels, below 0.01% *BCR-ABL1* (MR^4^);[@CIT0079],[@CIT0083] however, soon after Cepheid introduced a GeneXpert assay with an enhanced sensitivity at a level of MR^4.5^ on the IS.[@CIT0084] Moreover, atypical rare *BCR-ABL1* transcripts cannot be identified by the current GeneXpert *BCR-ABL1* assay; therefore, all negative suspected CML cases have to be screened by other molecular methods.[@CIT0085] Another development of the GeneXpert system is the *BCR-ABL1* transcript quantification on a paper template consisting of dried blood spots (DBSs).[@CIT0086] About 200 µL of PB were spotted on filter paper and analyzed after about 40 days; this study showed a high concordance between DBSs and fresh blood samples, with a high correlation (*R*^2^=0.94), revealing that this assay can work on RNA, despite it being less stable than DNA. An accurate *BCR-ABL1* transcript quantification can be obtained on DBSs, in addition to a possible *ABL* mutation detection on DNA. This system is especially useful for low-resource regions in the world, that could send samples to specialized centers at very low cost.[@CIT0086]

### The Attomolar Electrochemical Detection {#S0002-S2001-S3006}

A new system for the detection of *BCR-ABL1* chimeric transcript has recently been developed using an electrochemical DNA biosensor based on polyaniline-gold nanoparticles.[@CIT0087] cDNA samples from CML cases exposed to the biosensor surface, hybridize with fusion gene-specific DNA probes and induce changes in the amperometric current. The hybridization between the biosensor and the target cDNA can be evidenced by Atomic force microscopy (AFM) images, that show dramatic changes in the surface of the nanostructured platform after exposure to CML samples. This electrochemical biosensor is a fast, simple, and innovative tool for the molecular detection of the *BCR-ABL1* transcript, displaying high specificity and sensitivity. It can detect concentrations as low as 0.0694 fM of recombinant plasmid containing the *BCR-ABL1* fusion gene. Even if it is difficult to compare this detection limit with the *BCR-ABL1* levels on IS, this is the lowest concentration at which the *BCR-ABL1* transcript was detected; the biosensor can therefore be considered a useful method for MRD monitoring in CML. Other *BCR-ABL1* biosensors had previously been developed, but featured a longer platform construction time and higher limit of fusion gene detection.[@CIT0088],[@CIT0089]

### Atypical *BCR-ABL1* Transcripts {#S0002-S2001-S3007}

About 2% of CML patients show atypical *BCR-ABL1* transcripts, different from the most common e13a2 (b2a2) and e14a2 (b3a2) isoforms, that can be identified by the concomitant contribution of conventional cytogenetics, FISH, and RT-PCR. Variant *BCR-ABL1* transcripts are often e1a2 or e18/e19a2. Some studies suggested that CML patients with variant isoforms had a worse outcome than cases with the typical *BCR-ABL1* fusion, but few data are available on their long-term outcomes because of the rarity of these cases.[@CIT0090] A study was recently performed on 4750 CML patients and a total of 19 uncommon transcripts were detected in 83 (1.7%) patients.[@CIT0091] The three most frequent types were e19a2, e13a3/e14a3 and e1a2. Patients carrying e19a2 (n = 16) and e1a2 (n = 11) transcripts, had significantly reduced probabilities of 1-year complete cytogenetic response and MMR compared with patients with common e13a2 and e14a2 transcripts, receiving frontline imatinib therapy. Moreover, cases with the e19a2 transcript had low probabilities of 2-year EFS and PFS and patients with the e1a2 transcript had low probability of 2-year EFS.[@CIT0091] In other words, the rare uncommon *BCR-ABL1* fusion transcripts may be relevant for TKI therapy outcomes. In view of these data, the MRD monitoring of these patients gains relevance. Most laboratories do not carry out RQ-PCR for atypical *BCR-ABL1* transcripts, as standardization to the IS has not yet been performed for variant isoforms, so the MMR evaluation cannot be accurately performed in these CML patients. In these cases, follow-up monitoring is usually performed by FISH or by conventional nested RT-PCR; otherwise, patient-specific primers and probe may be employed in RQ-PCR or dPCR.[@CIT0090],[@CIT0092] A new multiplex RQ-PCR method that is able to detect at least 14 different possible isoforms of the *BCR-ABL1* fusion gene in one reaction with high sensitivity and specificity, has recently been developed to allow both precise CML diagnosis and MRD monitoring.[@CIT0093] This method is fast, simple and cheap, shows sensitivity up to 10^−6^ copies and is able to detect several possible major (M-bcr), minor (m-bcr), micro (μ-bcr), and nano (n-bcr) bcr *BCR-ABL*1 isoforms.[@CIT0093] On the other hand, most of the RQ-PCR methods currently used are able to detect only a few *BCR-ABL1* isoforms at a time, such as e13a2, e14a2 and e1a2. Other multiplex RT-PCR methods have previously been developed, but show low sensitivity or are laborious to carry out.[@CIT0094],[@CIT0095]

### Alternatively Spliced *BCR-ABL1* Variants {#S0002-S2001-S3008}

Conventional and standardized *BCR-ABL1* monitoring by RQ-PCR cannot distinguish between the classic *BCR-ABL1* transcript and different isoforms or abnormal splicing variants. It is therefore crucial to identify conventional *BCR-ABL1* transcripts in order to obtain an accurate MRD evaluation and to distinguish variant isoforms possibly responsible for therapy resistance. Recently, a new sensitive system has been developed, based on long-range PCR amplification and ultra-deep sequencing (UDS), that is able to identify and quantify both conventional and variant or mutated *BCR-ABL1* transcripts.[@CIT0096] An outer and an inner set of *BCR* and *ABL1* primers were designed to amplify several possible mutant or variant fusion isoforms; these large amplicons of *BCR-ABL1* transcripts were used for library preparation and subjected to UDS. This analysis allowed the identification of the mutated *BCR-ABL1^Ins35pb^* isoform causing a conformational change in the chimeric protein, in all CML cases showing a suboptimal response to TKI therapy. This isoform cannot be distinguished from the conventional *BCR-ABL1* transcript by standardized RQ-PCR, thus causing an improper categorization of the molecular response. Moreover, it has been hypothesized that the *BCR-ABL1^Ins35pb^* isoform is expressed in quiescent LSC, that continue to proliferate slowly.

DNA-Based Approaches {#S0002-S2002}
--------------------

In the last decade, the use of RNA as input material for MRD molecular monitoring has many times been reconsidered in favor of genomic DNA. In fact, CML patients shown by RQ-PCR to maintain a complete molecular response after stopping imatinib treatment were demonstrated to have evidence of persistent leukemic cells by DNA PCR.[@CIT0097] The DNA-based assay was found to have a greater sensitivity than the standardized RNA quantification, yielding a lower detection limit of 10^−6^ and this is the major advantage of the use of DNA-based MRD monitoring in CML. In fact, the quantification of MRD by genomic DNA enables an estimation of cells number, unaffected by mRNA expression levels and mRNA stability.[@CIT0097] However, even if more sensitive, the choice of DNA as input material requires a two-steps approach for the molecular MRD monitoring of CML patients. The first laborious step is the patient-specific *BCR-ABL1* breakpoint characterization ([Table 1](#T0001){ref-type="table"}). This is the main obstacle, in fact, unlike the *BCR* gene, the *ABL1* gene possible breakpoint sites span a region of about 150 Kbps. The second step consists in the molecular quantification of leukemic cells in the CML patient using different methodological strategies. In the last years, several strategies have been tested for this two-steps approach, as reported below.Table 1Different Approaches for *BCR-ABL1* Genomic Breakpoint CharacterizationSequencing ApproachTechnical StrategyAdvantagesDisadvantagesSSLong-range PCR and SSAffordable technologiesLaborious and time-consuming protocolsGenome walking and SSSHP-PCR and SSFISH, Long-range PCR and SSNGSLong-range PCR and 454 technologyEasier protocolsExpensive technologiesShort-read NGS technologyLong-range PCR and MinION technologyAffordable technologies\
Easy and rapid protocolsHigher error-rate[^2]

### Patient-Specific *BCR-ABL1* Breakpoint Characterization {#S0002-S2002-S3001}

Different methodological approaches have been developed with the aim to simplify the laborious step of patient-specific *BCR-ABL1* breakpoint characterization. A protocol based on long-range PCR (using a constant *BCR*-primer and 10 *ABL1*-primers at a distance of approximately 15 kb each) and automated DNA sequencing has been proposed.[@CIT0098] Other authors used a PCR system originally developed for genome walking[@CIT0099],[@CIT0100] based on DNA fragmentation, adaptors ligation, nested-PCR amplification using adaptor-specific primers and Sanger sequencing (SS).[@CIT0101],[@CIT0102] Subsequently, the Sequential Hybrid Primer PCR (SHP-PCR) was developed. The strategy combines a primary highly multiplexed PCR (six forward primers mapping on *BCR* and 302 reverse primers mapping on *ABL1*) followed by two rounds of nested-PCR (to removing nonspecific amplification) and SS.[@CIT0103]--[@CIT0105] Breakpoint characterization was also performed by long-range PCR (using a single forward primer in *BCR* and a panel of 20 reverse primers spanning both alternative first exons of *ABL1*) and SS.[@CIT0097],[@CIT0106] To simplify this method, narrowing the genomic area of analysis by FISH assays (preliminarily performed using seven overlapping fosmid clones) was proposed, reducing from 20 to three the number of *ABL1* reverse primers to be used in three subsequent long-range PCRs.[@CIT0107] An analogous approach was used to characterize and compare breakpoint sequences in p210 CML, p210 ALL and p190 ALL.[@CIT0108] In the pediatric CML context, a two-round multiplex long-range PCR was developed, designing five nested primer pairs covering the major breakpoint cluster region (M-BCR) of the *BCR* gene, and 20 nested primer pairs covering the *ABL1* breakpoint cluster region.[@CIT0109],[@CIT0110] The advent of next generation sequencing (NGS) has greatly facilitated the breakpoint characterization step, even if it offers this opportunity only to laboratories that can afford a major investment in this type of technology. Some authors set up a strategy based on the generation of large amplicons by a two-round multiplex long-range PCR[@CIT0097],[@CIT0098] and subsequent ultra-wide sequencing using 454 NGS technology.[@CIT0111] Two other groups performed an approach based on short-read sequencing (Illumina technology).[@CIT0112],[@CIT0113] The study of structural variants by conventional NGS approaches, remains affected by the limit of the reads length. For this reason, for the *BCR-ABL1* breakpoint characterization, the MinION, a third generation long-read nanopore-based sequencer, already tested in the hematological field,[@CIT0114]--[@CIT0118] has been proposed. The length of the reads produced and the platform accessibility in term of costs and ease of use, make the technology ideal for this intent.[@CIT0107]

### Leukemic Cells Molecular Quantification {#S0002-S2002-S3002}

Sequencing of the region spanning the *BCR-ABL1* genomic breakpoint is aimed at designing a patient-specific pair of primers for the molecular quantification of leukemic cells in the CML patient PB. The first attempts were based on real time quantitative PCR (qPCR)[@CIT0101],[@CIT0102],[@CIT0105],[@CIT0109] that some authors performed as nested qPCR.[@CIT0097],[@CIT0104] The comparison of qPCR on genomic DNA with the standardized RQ-PCR on RNA, shows an excellent correlation (r = 0.884; *p* \< 0.0001)[@CIT0105] but had better precision at low minimal residual disease levels,[@CIT0097],[@CIT0102],[@CIT0104],[@CIT0105] where genomic DNA could be more informative than mRNA for the detection of residual disease or for very immature selected progenitors.[@CIT0098] Furthermore, the use of DNA presents two other technical advantages: the handling of a stable molecule instead of RNase sensitive RNA and the use of patient-specific primers thus minimizing the PCR contamination risk.[@CIT0098] In the last years, different approaches have been made to test the dPCR performances on genomic *BCR-ABL1* quantification.[@CIT0106],[@CIT0107],[@CIT0110],[@CIT0112] Recently, a comparison between RQ-PCR, qPCR, RT-dPCR and dPCR in the detection of low levels of *BCR-ABL1* positive disease was made.[@CIT0112] The authors demonstrated that dPCR for *BCR-ABL1* DNA is the most sensitive method available for residual-disease detection in CML and may prove useful in the management of TKI withdrawal. Furthermore, dPCR on DNA and RQ-PCR on RNA were performed in parallel to determine the relative contribution of the leukemic cell number to molecular response in 516 paired samples from 59 newly-diagnosed patients treated with first-line imatinib in the TIDEL-II study.[@CIT0106] The study clarified the kinetics of molecular response in CML, showing that in the first three months of treatment, the rapid decline in *BCR-ABL1* mRNA is due to a reduction in both cells number and transcripts level per cell. On the contrary, beyond three months, the *BCR-ABL1* mRNA decrease is proportional to the leukemic cells depletion. Moreover, the results confirmed the greater sensitivity of dPCR, in fact *BCR-ABL1* DNA was quantifiable in 48% of undetectable *BCR-ABL1* mRNA samples, making MRD quantifiable for an additional 5--18 months (median 12 months).[@CIT0106] The greater sensitivity of the DNA-based assay, that has been widely demonstrated in the last years, could be especially interesting in the case of the TKI-discontinuation in CML. In this crucial step of MRD monitoring, this approach may help to distinguish those patients who can from those who should not undergo discontinuation.[@CIT0119] In fact one of the primary aims of the MRD monitoring is to avoid relapse, that occurs in about 50% of patients achieving and maintaining deep molecular response who stop TKI therapy.[@CIT0120]

Protein-Based Approaches {#S0002-S2003}
------------------------

The chimeric BCR-ABL1 protein was considered as a possible detection target to detect for CML MRD monitoring. For this purpose, a flow cytometric immunobead assay for the detection of BCR--ABL1 fusion proteins (p190, p210 and p230) in cell lysates was developed.[@CIT0121] The approach, using a bead-bound anti-*BCR* catching antibody and a fluorochrome-conjugated anti-ABL1 detection antibody, was tested on 145 samples (BM or PB) and showed full concordance with RT-PCR of fusion gene transcripts. The limit of detection calculated analyzing serial dilutions of three BCR--ABL1 positive cell lines (TOM-1, K562 and AR230) showed a sensitivity of at least 1%, higher than karyotyping (around 5%) and FISH (2--4%), but lower than the PCR technique.[@CIT0121] The assay, commonly named the CBA (cytometric bead array) system, was subsequently adopted by other authors and tested in different BCR-ABL1 positive hematological diseases.[@CIT0122],[@CIT0123] It was demonstrated to be a rapid, easy technique for specific detection of BCR--ABL1 proteins in leukemic cells. The technique is independent of the *BCR* gene breakpoint, does not need special laboratory facilities other than a routine flow cytometer, and yields results in around four hours. This could be useful in countries where molecular diagnostics is not readily available to support clinical practice.[@CIT0121] Furthermore, a novel approach to detecting and enumerating cells positive for the BCR-ABL1 fusion protein was recently proposed.[@CIT0124] The technique combines the in situ proximity ligation assay with flow cytometry as readout (PLA-flow). The BCR and ABL1 parts of the chimeric protein are targeted with an antibody each, the fluorescent signals are amplified by rolling circle amplification and the BCR-ABL1 positive cells are detected at frequencies as low as one in 10.000. The PLA-flow test is strongly correlated to the RQ-PCR technique, both at disease diagnosis and for MRD monitoring during follow-up. Since it allows simultaneous immunostaining of additional cell markers, it makes it possible to identify specific cell populations involved in CML disease progression.[@CIT0124]

*BCR-ABL1* Independent MRD Monitoring {#S0003}
=====================================

Residual LSC Identification {#S0003-S2001}
---------------------------

Single cell sequencing (SCS) technologies, based on single cells isolation and amplification of genetic material, have recently been developed.[@CIT0125] It is now possible to analyse genomic, transcriptomic, and epigenomic information in single cancer cells, better defining the basis of clonal heterogeneity. SCS may also allow MRD monitoring in hematological malignancies by sequencing circulating tumor cells (CTCs) from PB. In a recent study a whole transcriptome approach, Smart-seq2, was employed to detect the *BCR-ABL*1 gene in single cells isolated from the K562 cell line.[@CIT0126] This study showed that CML LSC resistant to TKI had a different transcriptome from that of normal hematopoietic stem cells (HSCs) and drug resistance specific mutations were also revealed.[@CIT0126] Moreover, further single-cell studies showed that TKI therapy induced genetic changes in CML LSC, as different subclones were observed in CML patients at diagnosis and after TKI treatment.[@CIT0127] Single cell methods allowed a better identification and characterization of CML LSC distinguishing them from healthy stem cells, by combining gene expression analysis and the screening of cell surface markers. These systems allowed a Lin^−^CD34^+^CD38^−^CD45RA^−^CKIT^−^CD26^+^ population to be identified as a potential therapeutic target in cases of CML relapse.[@CIT0127] These kinds of approach may be useful to identify and study the rare CML cases characterized by the presence of concomitant driver genes mutations.[@CIT0128],[@CIT0129]

CD26+ LSC Detection {#S0003-S2002}
-------------------

The CD26 antigen (dipeptidyl-peptidase IV, DPPIV) has been identified as a potential biomarker for the isolation of LSC in BM samples of CML cases, as it is specifically expressed on all leukemic cells from CML patients but not present on normal BM cells or on leukemic cells from other neoplasms.[@CIT0130] CD26 has been proposed to have a crucial role in the interaction between LSC and the BM niche and the resistance to TKI therapy.[@CIT0131] Moreover, it has been demonstrated that CD26+ LSC from BM of CML patients are characterized by the expression of *BCR-ABL1* transcripts and their number decreases during TKI treatment,[@CIT0130] suggesting that they can be used as a useful marker for MRD monitoring.[@CIT0132] However, the CD26+ LSC number was independent of the *BCR-ABL1* expression, as an increase from diagnosis to the third month of follow-up was revealed, and then a reduction during imatinib therapy.[@CIT0133] A recent study demonstrated that a more practical monitoring can be performed by CD26+ LSC flow cytometry on CML patients PB samples. CD26 expression was detected on CD45+/CD34+/CD38- blood samples within 24 h, at diagnosis, during follow-up, and during TFR,[@CIT0046] showing the persistence of residual circulating CD26+ LSC even in most of the CML patients with undetectable *BCR-ABL1*. No correlation was revealed between LSC persistence and the use of specific TKI or between the absolute number of PB CD26+ LSC and the *BCR-ABL1* transcript level according to the IS. These data showed that quiescent residual CML LSC may be transcriptionally silent and so not detectable by RQ-PCR or by other molecular systems investigating the *BCR-ABL1* transcript. However, the opportunity of monitoring residual PB CD26+ LSC, in addition to standard *BCR-ABL1* molecular detection, is being investigated in other currently ongoing studies.

Polycomb BMI1 Protein Identification {#S0003-S2003}
------------------------------------

The Polycomb gene *BMI1* is expressed in Ph negative chronic myeloid neoplasms, in follicular lymphoma, in acute myeloid leukemia, and in advanced CML phases and is associated with a poor prognosis. *BMI1* supports the self-renewal of both HSC and LSC, cooperating with *BCR-ABL1* in stimulating cell proliferation.[@CIT0134] *BMI1* is overexpressed in CML compared to healthy individuals and shows an increased expression during disease progression.[@CIT0135] A recent study showed that *BMI1* could be a new, valid marker of response to TKI therapy in CML, independently of the *BCR-ABL1* transcript level.[@CIT0133] It has been observed that the *BMI1* expression increases after diagnosis, whereas a good correlation with standard molecular response is revealed after the third month of therapy. BMI1 protein expression was detected by immunofluorescence assays and confocal microscopy in CD26+ LCS from CML cases expressing the BCR-ABL1 protein, therefore not allowing a quantitative determination.

MicroRNAs (miRNAs) Quantification {#S0003-S2004}
---------------------------------

To determine alternative biomarkers to discriminate which patients can safely and successfully discontinue imatinib use, miRNAs expression quantification has also been considered. Using a TaqMan miRNA array on PB mononuclear cells (PBMCs), the miRNAs expression profile was studied in five patients who had discontinued imatinib (STOP-IM group), seven CML patients receiving imatinib (IM group), and five healthy volunteers (HV).[@CIT0136] Among 22 differently expressed miRNAs, three of them (let-7b, miR-148b, and miR-326) were selected for a further validation by RQ-PCR in 16 patients of the STOP-IM group, 33 of the IM group, and 15 HV. Downregulation of miR-148b was observed in the STOP-IM group patients and in a subset of the IM group with a higher sustained undetectable minimal residual disease (UMRD) and a higher percentage of natural killer cells. These preliminary results support the idea that circulating PBMCs miR-148b may contribute to immune surveillance in STOP-IM patients and may therefore have a potential role as a biomarker for the safe discontinuation of IM.[@CIT0136] Later, the exosome and plasma miRNAs contribution was also considered. A preliminary screening of candidate miRNAs in seven STOP-IM group patients compared with seven HV, identified a downregulation of exosome and plasma miR-215 in the STOP-IM group compared to the controls.[@CIT0137] Furthermore, the plasma miRNA-215 level was significantly downregulated in 20 STOP-IM cases (p \< 0.0001) compared to 32 patients with UMRD in the IM group and 28 HV. The low plasma miR-215 level was also significantly correlated (p = 0.0229) to a higher total IM intake. These observations suggest a possible role of plasma miR-215 (mirror of exosome miR-215) in successful IM discontinuation.[@CIT0137] Further studies will be required to reveal the biological and clinical significance of miRNAs in CML pathogenesis and the potential role of these molecules as alternative biomarkers for the molecular monitoring of patients in treatment discontinuation.

Mitochondrial DNA (mtDNA) Mutations Detection {#S0003-S2005}
---------------------------------------------

Recent evidences showed that somatic mtDNA mutations frequently occur in many human solid and hematologic neoplasms.[@CIT0138] A study by Pagani et al, developed a new approach based on long-range PCR and NGS for the identification of mtDNA mutations in CML cases under TKI therapy.[@CIT0138] Because of the low frequency and extreme heterogeneity of these mutations, specific software for variant identification must be used to reduce error rate and false-positive results. Several somatic mutations were found in CML diagnosis samples at a higher average rate than that reported in other cancers; about 48% of mutations were detected in noncoding DNA or were synonymous mutations. Many of the identified variants showed a frequency too low to be validated by SS. Some somatic mutations were detected in both diagnosis and remission samples, probably because of the persistence of residual leukemic cells. These preliminary data showed that the identification of somatic mtDNA mutations in CML patients could be useful for monitoring the response to TKI therapy and for a better selection of patients eligible for TFR.

Closing Remarks {#S0004}
===============

The introduction of TKI in CML treatment has totally revolutionized patient management but demands ever more efficient MRD monitoring strategies. Although *BCR-ABL1* transcript quantification by RQ-PCR remains the gold standard method, several approaches have been developed in the last decade with the aim of improving this practice. One of the main limits of CML MRD monitoring is the poor ability to detect LSC persistent in the BM of patients with sustained undetectable molecular residual disease.[@CIT0139] In fact, the BM microenvironment may provide survival signals that contribute to the failure to eliminate these residual cells that could cause disease relapse.[@CIT0140] To overcome this drawback, different new monitoring strategies have been developed and tested. The introduction of new techniques and the possibility to detect targets other than the *BCR-ABL1* chimeric transcript, can improve the disease detection, in terms of accuracy, sensitivity and specificity, but require a long validation step, as well as a standardization process before their introduction into clinical practice. In the precision medicine era, the constant improvement of the CML MRD monitoring practice could allow clinicians to choose the best therapeutic algorithm, and in particular aid the selection of patients eligible for TKI discontinuation. In fact, an ever more efficient monitoring protocol could reduce the high percentage of relapses in treatment-free remission cases, thus improving the disease management and the life expectancy of CML patients.
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